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We report the preparation method of, and boron isotope 
effect for Mghb, a new binary intermetallic superconductor 
with a remarkably high superconducting transition temper- 
ature T' C ( 10 B) = 40.2 K. Measurements of both temperature 
dependent magnetization and specific heat reveal a 1.0 K shift 
in T c between Mg n B2 and Mg 10 B2. Whereas such a high 
transition temperature might imply exotic coupling mecha- 
nisms, the boron isotope effect in MgB2 is consistent with the 
material being a phonon-mediated BCS superconductor. 



PACS numbers: 74.70.Ad, 74.62.Bf 

The discovery of superconductivity with T c w 39K 
in magnesium diboride (MgB2) was announced in Jan- 
uary 2001a. It caused excitement in the solid state 
physics community because it introduced a new, sim- 
ple (3 atoms per unit cell) binary intermetallic super- 
conductor with a record high (by almost a factor of two) 
superconducting transition temperature for a non-oxide 
and non-Ceo-based compound. The reported value of T c 
seems to be either above or at the limit suggested theo- 
retically several decades ago for BCS, phonon-mediated 
superconductivityoH. An immediate question raised by 
this discovery is whether this remarkably high T c is due 
to some form of exotic coupling. Therefore, any exper- 
imental data that can shed light on the mechanism of 
superconductivity in this material are of keen interest. 

One probe of the extent to which nhpnons mediate su- 
perconductivity is the isotope effectcrO. In the classical 
form of BCS theorycl, the isotope coefficient a, defined by 
the relation T c cx M~ a , where M is the mass of the ele- 
ment, is equal to 1/2. For simple metals like Hg, Pb, Sn, 
and Zn, the isotope coefficient is found experimentally 
to be close to 1/2. More detailed and xealistic theories 
predict slight deviations from a = 1 /20R In this Let- 
ter, we describe how to prepare high-quality powders of 
MgB2 and, more importantly, present data on the boron 
isotope effect, which is consistent with phonon mediated 
coupling within the framework of the BCS model. 

MgB2 crystallizes in the hexagonal AIB2 type struc- 
ture, which consists of alternating hexagonal layers of Mg 
atoms and graphite- like honeycomb layers of B atoms. 
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This material, along with other 3d — 5d transition metal 
diborides, has been studied for several decades, mainly 
as a promising technological materials. The B - Mg bi- 
nary phase diagramEl is shown in Fig. 1. As can be 
seen, MgB 2 decomposes peritectically and has no exposed 
liquid-solidus line. Whereas the growth of single crystals 
of this compound promises to be a difficult problem, high 
quality powders can be formed in the following manner. 
Elemental Mg (99.9 % pure in lump form) and isotopi- 
cally pure boron (99.5 + % pure, < 100 mesh) are com- 
bined in a sealed Ta tube in a stoichiometric ratio. The 
Ta tube is then sealed in a quartz ampoule, placed in 
a 950° C box furnace for two hours, and then removed 
and allowed to cool to room temperature. The quartz 
ampoule and the Ta tubing are not attacked, but there 
is a distinct bowing out of the Ta tube where the MgB2 
powders form. The height of this bowing scales with the 
height of the MgB 2 powders and seems to be associated 
with an expansion of the B powder as the MgB2 forms, 
rather than a Mg vapor pressure (which would bow out 
the tube over its whole length). It should be noted that 
if larger pieces of B are used, then this reaction scheme 
does not produce homogeneous material. This, combined 
with the phase diagram shown in Fig. [l], implies that, at 
least to some extent, the reaction takes place via the dif- 
fusion of Mg into the B particles. 

The powder X-ray diffraction pattern of the Mg 10 B2 
powder is shown in Fig. || with the peaks indexed to the 
hexagonal unit cell of MgB2. From Fig. || the unit cell 
lattice parameters for Mg 10 B 2 are a = 3.1432 ± 0.0315 
and c = 3.5193 ± 0.0323 A. 

The temperature dependent magnetization of the sam- 
ples was measured in a Quantum Design MPMS-7 
SQUID magnetometer in an applied field of 25G. An on- 
set criterion of 2% of the full, low temperature diamag- 
netic signal was used to determine T c from the zero-ficld- 
cooled M(T) data that were taken on warming. In this 
letter we report measurements on four types of samples 
with the following morphologies: Mg 10 B2, Mg 11 B2 and 
Mg 10 B 11 B were all solid pieces of sample cut from the 
pellet that formed in the Ta reaction tubes whereas, the 
commercial sample was a fine powder. The three solid, 
isotopic samples each had M/H > 150% of — 1/47T at low 
temperature and the powder sample had M/H > 200% 
of — 1/47T. By assuming spherical or slightly plate-like 
grains both of these values are consistent with demag- 
netization effects and 100% diamagnetism. The plotted 
magnetization data are all normalized to 1 at low tem- 
peratures for easier comparison. The specific heat data 
were taken using the heat capacity option of a Quantum 
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Design PPMS-9 system in zero and 90 kG applied field. 

The magnetization curves of a commercial (Alfa-Aesar 
98% pure) MgB 2 powder and prepared Mg n B 2 material 
are shown in Fig. |3| The commercial powder has a lower 
T c (37.5 K) and a broader superconducting transition. 
At present, it is not clear what causes the suppression of 
T c , but the difference may be due to impurities present 
in the materialEj. 

Figure ^a presents the temperature-dependent magne- 
tization of Mg 10 B2 and Mg n B2. There is a clear sepa- 
ration between the data of Mg 10 B 2 and Mg 11 B 2 . Using 
the 2% onset of diamagnctism criterion mentioned above, 
the superconducting transition temperatures are 39. 2K 
for Mg n B 2 and 40.2K for Mg 10 B 2 . The widths of the 
transitions (90% - 10%) are 0.4 K and 0.5 K for Mg n B 2 
and Mg 10 B 2 , respectively. 

In Fig. H the temperature-dependent specific heat data 
for Mg 10 B 2 and Mg n B 2 in zero and 90 kG applied field 
are shown. Whereas the data were collected between 2 
K and 50 K, Fig. || presents a more limited temperature 
range to clearly show the shift in T c associated with the 
isotope effect. The transitions are shifted by the same 
1.0 K seen in Fig. ||a. Due to the temperature of the 
superconducting transition and the porous nature of the 
samples it is difficult to extract precise values of the De- 
bye temperature and the linear coefficient of the specific 
heat from these data, but we can estimate 6^ = 750 ± 
30 K and j = 3 ± 1 mJ/mol K 2 . This leads to values 
of AC p /"/T c near unity. The primary point of these data 
should not be lost though: a clear isotope shift in T c can 
be seen in both magnetization and specific heat data. 

To understand this substantial shift in T c , it should be 
noted that if T c is assumed to scale with the square root 
of the formula unit mass, then the shift in T c would be ex- 
pected to be 0.87 K. On the other hand, if T c is assumed 
to scale with the square root of just the boron mass (i.e. 
the T c is mediated solely by boron vibrations), then the 
shift in T c would be 1.9 K. These two values of AT C pro- 
vide a caliper of the size of the isotope effect within the 
simpliest BCS framework. Viewed in this light, the shift 
in T c of 1.0 K implies that the phonon modes mediating 
the superconductivity are somewhat weighted toward be- 
ing boron-like in character. 

More formally, we can estimate the partial (boron) 
isotope exponent n «s in this compound via olb = 
— AlnTc/AlnMeQt]. From the measured values of T c , 
the boron isotope exponent can be estimated as olb — 
0.26 ± 0.03. It is worth mentioning that this value is 
close to the boron isotope exponents obtained for the 
YNi 2 B 2 C and-,LuNi 2 B 2 C borocarbides,U'El where the- 
oretical worktj suggested that the phonons responsible 
for the superconductivity are high-frequency borpa K\ g 
optical modes. Early band-structure calculations^ sug- 
gested substantial electron transfer from the magnesium 
atom to the two boxon atoms in the unit cell. Recent 
band structure workEj suggests that the superconductiv- 
ity in MgB 2 is essentially due to the metallic nature of 
the boron sheets. 



Figure presents data on a 50-50 mixture of boron 
isotopes: Mg 10 B 11 B. Also shown is the normalized sum of 
the pure Mg 10 B 2 and Mg 11 B 2 magnetization data shown 
in Fig. ^a. Given that the starting materials were a lump 
of Mg and grains of 10 B and n B, if there were no mix- 
ing between the boron particles as the MgB 2 was formed 
then one might expect the data to look like the sum plot, 
i.e. separate grains of Mg 10 B 2 and Mg 11 B 2 acting in- 
dependently. As can be seen, the Mg 10 B 11 B data does 
not show two steps and manifests a significantly broad- 
ened transition. Using the 2% criterion, T c = 39.9 K but, 
more significantly, the width of the transition is 2.1 K, a 
factor of four broader than either of the isotopically pure 
samples. It should be noted that the Mg 10 B 11 B sam- 
ple was made from exactly the same starting chemicals, 
via the same technique, and had the same morphology 
(a sintered lump) as the two isotopically pure samples. 
The origin of this broadening is not as of yet clear, but it 
may hint that the effect of isotopic disorder on the boron 
phonon modes plays a significant role. 

In conclusion, a significant boron isotope effect (AT C = 
1.0 K, partial isotope exponent olb ~ 0.26) was observed 
in MgB 2 . This shift is clearly seen in both magnetiza- 
tion and specific heat measurements. This observation is 
consistent with a phonon mediated BCS superconduct- 
ing mechanism in this compound and with the possibility 
that boron phonon modes are playing an important role. 
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FIG. 3. Magnetization divided by applied field as a func- 
tion of temperature for Mg n B2 and natural boron sample of 
MgB2 from Alfa-Aesar. Data are normalized to 1 at 5 K, as 
discussed in text. 
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FIG. 1. Proposed, schematic, binary phase diagram for B 
Mg system (After Ref. [9]). 
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FIG. 2. Powder X-ray (Cu Ka radiation) diffraction spec- 
tra of Mg 10 B2 (with h,k,l values) and Si standard (*). 
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FIG. 4. (a) Magnetization divided by applied field as a 
function of temperature for Mg 10 B2 and Mg 11 B2. (b) Magne- 
tization divided by applied field as a function of temperature 
for Mg 10 B u B and sum of Mg 10 B 2 and Mg n B 2 data shown 
in panel (a). Data are normalized to —1 at 5 K, as discussed 
in text. 
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FIG. 5. Temperature dependent specific heat of Mg 10 B2 
and Mg n B2 in zero (filled circles) and 90 kG (open trian- 
gles) applied field for temperatures near the T c . Arrows mark 
transition temperatures determined from the magnetization 
measurements shown in Fig. 4a. 
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